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Abstract 
On the basis of the surface grinding-hardening test, the influence of depth of cut and original microstructure on the 
hardened layer depth, microstructure and micro-hardness of the hardened layer were studied. The results show that 
the hardened layer is consisted of completely hardened region and transitional region. The completely hardened 
region is composed of mixed martensite, residual austerities and a little carbide. There were no remarkable effects of 
the depth of cut and original structure on the martensite configuration and micro-hardness value in completely 
hardened region. The micro-hardness value of the completely hardened region can be up to 750-780HV. However, 
microstructure of the transitional region varies with different original structure. When the depth of cut or uniformity 
of original structure increase, the hardened layer depth increases accordingly. Thus in practical production, it should 
adopt large depth of cut or use the original structure with quenched and tempered to increase the hardened layer depth. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 
The grinding-hardening is a new technology utilizing heat and mechanical composite effect induced in 
grinding to quench the surface of steel directly. It realizes the integrated manufacturing of grinding and 
surface hardening, and decreases the heat treatment process and the investment of special parts heat 
treatment equipment and personnel. It also reduces the energy consumption and pollution of heat 
treatment equipment emission to the environment, and realizes the cleaner production and green 
manufacturing of the grinding and heat treatment. Since 1994, Brinksmeier E and other scholar proposed 
this new technology [1], scholars both at home and abroad studied on some steels with high hardenability, 
such as 42CrMo, GCr15, 65Mn and 40Cr etc, and achieved some research results [2-10], but rarely 
studied on grinding-hardening of 1060 steel. This restricted the enrichment and development of the 
grinding-hardening processing theory and directly affected practical application value of this new 
technology. This paper based on the surface grinding-hardening experiment, and revealed the changing 
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rules of grinding-hardening layer in different grinding depth and original structure conditions through the 
depth of harden layer microstructure and micro-hardness observed on scanning electron microscopy. 
2.  Experimental Material and Method 
The experimental material selected was 1060 steel. The grinding-hardening experiment was performed 
on a surface grinder (M7130) and the grinding conditions were listed in Table 1. The parameters with 
underline are basic parameter.
Table 1. Grinding conditions 
Grinding wheel P350×40×127  WA46L8V 
Wheel speed vs [ms-1]
Depth of cut ap [mm]
Table speed vw [ms-1]
Grinding method 
Cooling
Original structure 
26.3 
0.2, 0.3, 0.4, 0.5 
0.008 
Up grinding 
Dry grinding 
quenched and tempered, annealed 
After grinding-hardening machining, the sample was cut alone the direction of hardened layer depth 
and make into metallographic specimen which was embed with a metallographic inlaying machine and 
polished, then etched with 4% nital. The microstructures of the hardened layer were observed by a 
scanning electron microscope (SEM) JXA-840A (JEOL).The micro-hardness was measured by a digital 
micro-hardness tester (HVS-1000), and the test condition was loading 4.9N in 15s. The hardened layer 
depth (HLD) was measured by an optical microscope (Type 300 of NIKON EPIPHOT). In order to 
enhance the reliability of date and ensure the reproducibility of experimental results, each test condition 
repeated three times. The experimental results were the average value of hardened layer depth measured 
at the same position. 
3. Results and Discussion 
3.1. The macrostructure of hardened layer. 
Fig.1 presents the macrostructure of harden layer. It can be seen that, as the distance from the surface 
increasing, the specimen presents different regions of macrostructure. 
The reason is that, in grinding-hardening machining, vast quantities of grinding heat that induced in 
the contact region of the workpiece and grinding wheel passed into the specimen surface, and speeded 
into the inner layer in the forms of heating transmission, thus resulted in the formation of a non-uniform 
temperature field inside the workpiece. The original structure fully transformed into austerities in the area 
with temperature over Ac3 inside the workpiece. After fast cooling, completely hardened region was 
formed and mainly consisted of martensite. The area with temperature between Ac1-Ac3 inside the 
workpiece, the original structure was not fully changed into austerities and after cooling, transitional 
region was formed and consisted of a little of martensite and other mixed structures. The inner region of 
the workpiece with temperature was lower than Ac1, and the original structure was not changed. 
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Therefore, the different macrostructure of harden layer in the specimen was directly caused by the heat 
distribution. 
(a)           (b) 
Fig.1.The macrostructure of hardened layer: (a) quenched and tempered; (b) annealed. 
3.2. The microstructure of hardened layer. 
(1) The completely hardened region  By a great deal of fields of view on microstructure using scanning 
electron microscope, the completely hardened region was no significant changed with different depth of 
cut or different original structure. This paper presented the microstructure of completely hardened layer in 
the quenched and tempered specimen with the depth ap=0.3mm.  
As shown in Fig.2, the completely hardened region was composed of mixed martensite, residual 
austerities and a little carbides, and as the increasing of the distance from the surface, the structure of 
martensite presented the changing rule of "small-slightly big-small". According to the variation of 
microstructure characteristics, the entirely hardened region can be divided into the surface layer, the sub-
surface layer, and the inner layer. This was result of the heat and mechanical composite effect induced in 
grinding [11]. 
(a) (b) (c)
Fig.2 The microstructure of completely hardened layer in the quenched and tempered specimen: (a) surface layer; (b) subsurface 
layer; (c) inner layer. 
The transitional region Fig.3 presents the microstructure of the transitional region in the quenched and 
tempered specimen. For the quenched and tempered specimen, owing to the characteristics of the 
transitional region with different depth of cut was basically the same, this paper only gives the structure 
of transitional region with ap＝0.3mm, as shown in Fig.3(a).  
It can be seen that, there existed fine grain in the transitional region. The reason was that: the 
temperature of this area was just over Ac1, firstly a spot of granular austerities γg was transformed at the 
junction of the original pearlite group met the nucleation conditions. Slightly near the surface, the heating 
temperature and heating speed increased, and a great deal of austerities γg was transformed at the junction 
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of the basic body structure and original pearlite group as well as the junction of pearlite and Ferrite. But 
the heating time above Ac1 was so short that austerity grains could not grow up in time. There for, after 
cooling, fine grains was formed. 
(a) (b)
Fig.3. The structure of the transitional region: (a) quenched and tempered; (b) annealed. 
As shown in Fig. 3(b), the structure of the transitional region in the annealed specimen basically 
retained the forms of original structure; the Ferrite around the original pearlite groups partially dissolved 
and was reduced significantly and presented broken-shape. A portion of the original pearlite group was 
martensite at local area, and the rest was still pearlite. This result was no difference with the 
transformation of rapid heating, and it was caused by the temperature of the original structure pearlite 
colony was in the Ac1 point [12]. 
3.3. The micro-hardness of the hardened layer.  
Fig.4 presents the changing rules of the micro-hardness. According to the changing rules, the structure 
can be divided into three different regions, and they are completely hardened region, transitional region 
and basic body. The completely hardened region has the same high hardness (750-780HV), which is 1.4 
times higher than that of the quenched and tempered basic body and 2.4 times that of the annealed basic 
body and the hardening effect is very obvious. In the transitional region, owing to the decreasing of the 
martensite’s content, the vale of micro-hardness presents the trend of decline. The hardness drop of the 
quenched and tempered specimen and the annealed specimen were respectively 450 HV and 550 HV. 
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Fig.4 The changing rules of the micro-hardness: (a) The effect of the depth of cut, (b) The effect of original structure 
3.4. The hardened layer thickness.  
Fig.5 is the experimental result of the depth of cut affected on the hardened layer thickness. It can be 
seen that, in the other grinding conditions were at constant, as the increasing of the depth of cut ap, the 
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hardened layer thickness increased accordingly .The reason was that, as the increasing of ap, the 
unreformed cutting thickness of single abrasive particle increased; the wheel–workpiece contact arc 
length elongated, the number of abrasive particles participated in cutting at the same time increased, and 
the action time of heating extended. Thus, the grinding force and grinding heat increased, and the 
temperature rose. All of these leaded to the increasing of hardened layer thickness alone with ap .In the 
condition of ap＝0.5mm, the hardened layer thickness was 1.6mm. 
In the condition of ap＝0.3mm, the hardened layer thickness of quenched and tempered specimen and 
annealed specimen were 1.3mm and 1.1mm respectively. The reason was that: The higher hardness of the 
material, the greater grinding force and grinding heat, which is general laws of the iron-carbon alloy 
material grinding. Thus, in the other grinding conditions were at constant, the heating that induced in 
grinding-hardening of annealed specimen passed into the surface modestly, and leading to a small 
hardened layer thickness. 
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Fig.5 The effect on the hardened layer thickness: (a) Depth of cut, (b) The original structure 
4. Conclusions 
(1) Grinding hardened layer has a variety of hierarchical structure and can be divided into completely 
hardened region and transitional region on macroscopic; And according to the variation of microstructure 
morphology with the increasing of depth from the surface, the fully hardened region can be divided into 
surface layer, sub-surface and inner layer. 
(2) The depth of cut and the original structure have no significant effect on the completely hardened 
region, but the transitional region changes with the original structure. 
(3) The completely hardened region has the same high hardness (750-780HV), the effects of the depth 
of cut and the original structure on high hardness value and the micro-hardness distribution were not 
obviously.  
(4) In the other grinding conditions were at constant, as the depth of cut increased or the uniformity of 
the original structure enhanced, the hardened layer thickness increased accordingly. 
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